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ABSTRACT
An Experimental Investigation
Of Wear Behavior Of
Ultra-High Molecular Weight Polyethylene
Under Sliding Motion
by
Elham Zand-Moghaddam

This project investigates the effect of sliding motion on the materials that are used
as bearing surfaces of human total-joint replacement prostheses.
The tests are performed with a specially designed equipment based on pin-on-disk
machine. The testing machine is designed and constructed to reproduce sliding motion,
applied to spherical ended metal "Canine-Head" components such as dog hip acting on
a flat polyethylene surface. The sliding motion is performed by applying different
constant loads for 5,000,000 cycles. The tests are carried out with the wear specimen
lubricated by deionized water.
The purpose is to produce delamination, which is the severe wear condition in
Ultra-High Molecular Weight Polyethylene (UHMWPE), the material used for the
articulating surfaces in orthopedics under sliding motion. Scratching and deformation are
found to be the most prominent forms of surface damage present. No evidence of
delamination is seen in either of the two sets of tests.
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CHAPTER 1
INTRODUCTION

Total knee arthroplasty involves the development of biomechanical concepts, prosthetic
materials, and surgical techniques. Stability, mobility, and freedom from pain are
objectives of successful total knee arthroplasty. Stability of the joint is defined in terms
of stiffness as unit load per unit displacement in a given direction. Stiffness of the joint
depends on and is proportional to the magnitude and direction of the applied forces.
Mobility is the range of motion. For example, knee is capable of six degrees of
freedom motion consists of: rolling, sliding, flexion, extension, adduction, abduction.
Arthroplasty, or replacement of joint surfaces, is often required for patients suffering
from severe degeneration of the articulating surface. This degenerative condition can be
brought about by many causes ranging from severe arthritis to acute injury. Although
total knee arthroplasty has a high degree of success, there are still significant
improvements that are needed to ensure longevity and stability of implants.
Ultra-High Molecular Weight Polyethylene (UHMWPE) in combination with a
metal counterface is the material of choice for most total joint replacement. The clinical
significance of wear in these devices is not well defined, particularly since it is not
possible to measure amount of wear and tissue response clinically (1). However, there
is no doubt that "excessive" wear does have adverse consequences, where excessive is
defined as that quantity which excites tissue reaction (2).
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Numerous studies of the wear characteristics of UHMWPE have been done over
the past decade (3). The studies have been carried out using counterfaces manufactured
from biologically stable materials. The evidence of failures in UHMWPE indicates that
high patient weight, thin plastic, and non-conforming plastic surfaces are some of the
factors affecting the wear behavior of polyethylene tibial components.
Seven modes of damage occur on the articulating surfaces of polyethylene
components: surface deformation, pitting, embedded acrylic cement debris, scratching,
burnishing, abrasion and delamination (4,5). Of these modes, pitting and delamination
are the most worrisome.
Several studies have shown that the contact stresses in the condylar total knee can
often exceed the yield strength of UHMWPE (6,7,8,9). This can be dangerous both in
wear and fatigue. More conforming components are thought to be less susceptible to
wear because they limit sliding as well as reduce contact stresses (10).
The objective of this project is to produce sliding motion on UHMWPE by
designing and constructing a testing machine. The further objective of this project is to
reproduce delamination and a failure curve for UHMWPE under a given set of conditions
and geometry.

CHAPTER 2
LITERATURE AND BACKGROUND

2.1 Background
The clinical application of the total hip replacement originated in England. McKee
introduced the metal/metal pairing of the cast alloy Co-28Cr-6Mo at the end of 1950s for
the replacement of the hip socket and ball (head of the femur). In contrast to McKee,
Sir John Charnley pursued the concept of low friction hip arthroplasty in total hip
replacements at the Wrightington Hospital, a center for hip surgery in England. In 1958,
Charnley combined a polymer socket of polytetraflouroethylene (PTFE) or Teflon with
a 22-mm metal ball of stainless steel (AISI-316).
Charnley achieved markedly lower friction moments in the pendulum apparatus
for his Teflon/steel pairing than for McKee's metal/metal pairing for socket and ball.
Between 1958 and 1961, Charnley implanted about 300 total hip prostheses with
Teflon sockets and 22-mm steel balls. Three years after the implantation, a distinct
displacement of steel ball in the Teflon socket was observed radiologically. In reported
Teflon sockets, massive Teflon wear of 6-7 mm in depth was shown, and the tissue,
massively loaded with Teflon wear particles, had reacted, producing heavy,
granulomatous foreign-body reactions.
Charnley opted in 1962 to replace Teflon with UHMWPE (initially designed of
high-density polyethylene material, HDPE). Because of the low temperature stability of
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polyethylene, sockets made of this new polymer could be sterilized only in chemical
solutions and no longer in steam, as was the case with Teflon.
As a result of several years of X-ray observation of implanted polyethylene
sockets, it could be ascertained that the catastrophic cases of wear occurring in Teflon
sockets were not to repeat themselves. Polyethylene, with its high resistance to wear and
creep compared to Teflon, became the material of choice in 1960s. In the 1970s,
polyethylene/metal pairing became very popular in endoprostheses of the joints of the
hip, knee, ankle, shoulder, elbow, and wrist (3).
A recent attempt to improve the articulating surfaces of UHMWPE, was to
reinforce the polyethylene with carbon fibers. These studies (11,12,13,14,15) indicated
no significant improvement achieved by using this method. New schemes were then
employed for the same purpose of improving the articulating properties of polyethylene.
However, none of them indicated any improvement either.
The complete replacement of joints damaged by arthritis and arthrosis is becoming
more common. Stringent requirements are placed on the materials and designs for the
type of prostheses used. The following properties are required if a lasting and troublefree functioning of the endoprosthesis is to be ensured:
•

sufficient static and dynamic strengths;

•

wear-resistant and low-friction sliding surfaces;

•

a low elasticity modulus as similar as possible to the bone tissue
and high energy absorption;

•

sterilizability without any major changes to the material properties;

5
•

corrosion resistance in the in vivo environment;

•

no toxic substances and no pathological reactions in the body
tissue.

Of all the plastics, the only one fulfilling these criteria and having so far proved
technically and clinically suitable for implants is UHMWPE. Because of its extremely
high molecular weight of about 4x10 4 g/mol, the product has an extremely high melt
viscosity. The powder, which is characterized by a particularly high degree of purity,
is ram extruded, which are then the starting material for articulating surfaces in the
implant components (16).
Physical properties of polyethylene are known to be proportional to its molecular
weight and density. Ultra-high molecular weight polyethylene is composed of largely
linear polymers with a small amount of cross linking present. Furthermore, due to a
high melt viscosity, the amount of crystallization is reduced.
UHMWPE implants must meet stability and bone locking requirements over a
long period of time. Up to the beginning of the 1970s, the surfaces of this synthetic
material were disinfected with chemical solutions. Since that time only gamma rays from
'Co isotopes are used. It is the safest method of sterilization for parts made of
UHMWPE. It is a well known fact that this method of sterilization can lead to certain
changes because of chemical reactions occurring in the product. In synthetic polymers,
these reactions will start with formation of radicals. These radicals are extremely
reactive structures. Cross linking decomposition, or oxidation of the polymers can then
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occur. The change in the macroscopic and mechanical properties in the synthetic
implants is dependent on the extent to which the molecular structures change.

2.2 Contact Stress
Contact stress is complicated in the studies of implants. Hertzian theory was the first
analysis of contact between elastic bodies, and still appropriate in many cases. However,
there are four major conditions that must exist on the contact areas in order to apply this
theory (17,18,19):
1.

The surfaces must be continuous and non-conforming.

2.

The strain present in the material must be small.

3.

Each body can be considered an elastic semi-infinite half-space.

4.

The surfaces must be frictionless.

There are three important characteristics of the contact stress in artificial joints.
First, the elastic modulus of the metal component in a total joint replacement is 100-200
times the modulus of plastic (6). Therefore, the metal component acts as a rigid indenter
to deform the plastic. Second, The plastic layer has a finite thickness. Third, the
conformity of the mating surfaces varies widely.
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Hertzian theory was the first satisfactory analysis of the contact between elastic
bodies and still a proper analysis in many cases. Here, it can only be used as an
approximation due to its limiting assumptions:
1.

It assumes a planar contact zone implying that both surfaces deform. For
prostheses only the plastic undergoes significant deformation.

2.

It assumes that the area of contact is very small.

3.

The Hertz theory assumes semi-infinite bodies and therefore does not
apply to the cases with plastic layers of finite thickness.

It has to be mentioned that the behavior of polyethylene is non-linear with the
stiffness decreasing with increasing load.
Bartel et al. (6) investigated the effect of conformity and plastic thickness on
contact stresses in metal-backed plastic implants. A knee with conforming surfaces will
be highly constrained and one with non-conforming surfaces will be less constrained.
Conforming contact is when the surfaces of two bodies fit exactly or even closely without
deformation. Bodies with non-conforming geometries will exhibit "point" or "line"
contact at first contact (17). Surface damage seen in total knees is more severe than that
in total hips due, in part, to the non-conforming surface geometry exist in knee. This
non-conformance leads to smaller contact areas between the articulating surfaces, and
thus to higher contact stresses in materials (6,9,11).
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2.3 Stresses on the Surface and within the Polyethylene Component
The polyethylene layer is compressed by the metal component causing compressive stress
in a direction perpendicular to the surface throughout the region of contact. The
compressive stress is greatest on the surface where the metal component is in contact
with the polyethylene and its maximum value occurs at the center of the contact area.
The indentation of the metal component also causes deformation of the surface of
the polyethylene component in directions tangent to the surface. Near the edge of the
contact, the surface is stretched and tensile stresses occur in the polyethylene. In the
center of the contact, the surface is compressed in directions tangent to the contact
surface and compressive stresses occur.
The indentation of the metal component causes distortion (shearing) of the
polyethylene. The shear stresses associated with distortion arise throughout the
polyethylene layer and can be greatest at the surface or at a point beneath the
surface under the center of the contact area.
Propagation of surface cracks perpendicular to the surface are associated with
cyclic tensile and compressive stresses acting tangent to the surface. The important
combined stress state in this instance is the maximum principal stress, which is the
algebraically largest stress acting on the polyethylene at a point. This maximum
principal stress acts at the surface of the polyethylene component in a direction tangent
to the surface. Since the maximum principle stress can change from tensile if the point
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is at the edge of the loading area to compressive if the point is at the center of the
loading area, the range (algebraic difference) of these stresses is an important factor in
the initiation and propagation of surface cracks.
Propagation of subsurface cracks is accelerated with shear stress. The important
combined stress state in this instance is the maximum shear stress. The location of the
maximum shear stress depends upon the conformity between the metal and polyethylene
components. When the components are conforming as in hip replacements (Figure 1),
the maximum shear stress is at the surface.

Figure 1. Total Hip Prosthesis
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When the components are non-conforming as in knee replacements (Figure 2), the
maximum shear stress is beneath the surface (6,12,16,20,21,22).

Figure 2. Total Knee Prosthesis

2.4 Surface Wear

Hood et al. (7) developed a standard scheme for investigation and analysis of retrieved
polyethylene component from total joint replacement. In order to identify the surface
damage modes, Wright et al. (4) followed Hood's work by using light
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and scanning electron microscopy observations. They came up with seven modes of
surface degradation occurring in polyethylene:
1.

Surface deformation -- used to describe evidence of permanent
deformation occurring on or around the articulating surface.

2.

Scratching -- used to describe the indented lines generally found in
the dominant direction of motion.

3.

Burnishing -- used to describe areas which have become highly
polished.

4.

Abrasion -- used to describe a shredded or tufted appearance,
attributed to direct sliding contact with either
bone or polymer.

5.

Embedded PMMA debris -- recognized by the color and texture
differences between PMMA and polyethylene.

6.

Pitting -- used to describe voids occurring in the articulating
surface.

7.

Delamination -- used to describe areas in which a large sheet of
polyethylene has been separated and removed.

They sectioned the components, and in order to quantitatively assess the severity
of the surface damage, the articulating surfaces of the polyethylene components were
subjectively graded on a zero (none) to three (severe) scale for the presence of each
damage mode. A zero grade meant that the damage mode was absent on the surface.
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Grades 1, 2 and 3 meant that the damage mode was evident on less than ten, ten to fifty,
and over fifty percent of the surface, respectively.
Nelson et al. (23) reported the phenomenon of surface delamination. They
observed a "line of demarcation" on polyethylene tibial insert, 250 to 325 microns below
the surface of hot-pressed components. Delamination is known to occur in other
materials under cyclic loading. Therefore, they concluded that subsurface crack
initiation, due to high sheer stress presented below the surface, caused delamination and
subsequent fatigue failure of the component. This suggests that delamination could be
a result of the manufacturing and finishing techniques of the plastic inserts.
Walker et al. (10) performed a study to reproduce a variety of kinematic
conditions occurring at the femoral-tibial bearing surfaces, including various degrees of
rolling and sliding.
A test machine was constructed to apply a cyclic load of 2.2 KN (5001b) for 10
million cycles and provide rolling and sliding motions using distilled water as lubricant.
Sliding under cyclic loading caused severe surface and subsurface cracking resulting in
high wear. Rolling under cyclic load resulted in generation of a wear track which was
less deep than those seen under sliding. Delamination of the surface cracking was not
observed.
. Wilson at Purdue University (24) attempted to reproduce delamination seen in
clinical retrievals of total knee tibial inserts. He conducted a series of tests on cyclic and
sliding contact. He used an MTS servohydraulic testing machine and an especially
designed fixture. A constant compressive load of 1000 N (225 lb) was applied for 1
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million cycles to each specimen. Rolling and sliding contact testing provided information
on the wear properties of the polyethylene, but did not yield information concerning the
relative contributions of rolling or sliding contact to the delamination problem.
Since the sliding contact causes great shear stresses in the plastics, it provides a
greater chance for occurrence of delamination. The objective of this project was to
design a testing machine to produce sliding motion in a laboratory setting. The sliding
motion is applied to the ended metal "Canine-Head" components (dog hip), acting on a
flat Ultra-High Molecular Weight Polyethylene. The machine works under static load
and is capable of running four samples at the same time. The further objective of this
project was to reproduce subsurface cracking or delamination using the designed testing
machine.

CHAPTER 3
EXPERIMENTAL INVESTIGATION

This project is performed in a laboratory setting to recreate delamination in Ultra-High
Molecular Weight Polyethylene (UHMWPE) during sliding contact. The effect of sliding
contact on UHMWPE is investigated by using the designed testing machine described
below (Figure 3).

Figure 3. Testing Machine
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3.1 Testing Machine
The machine consists of four stations, providing constant loads. Each station consists
of a vertical supporting wall, a base plate, and a moveable arm (Figures 4, 5). The
moveable arm is connected to the vertical wall by a steel rod to allow movement up and
down but not sideways. The vertical wall, base plate, and moveable arm are made from
6061T6 wrought aluminum for optimum strength, weldability, and corrosion resistance.
This alloy has the following mechanical properties:
Table 1 Typical mechanical properties of alloy 6061T6 Wrought Aluminum
Tensile Strength
MPa
310

ksi
45

Yield Strength
MPa
276

ksi
40

Shear Strength
MPa
207

ksi
30

The four stations are held together by a fixation plate (Figure 6). The plate
provides a common mounting surface for the stations.
There is a slider, manufactured by Star Ball Rail System, mounted on the fixation
plate that reciprocates along a track 10 mm (.39 in) in length at 1.5 Hz (Figure 7). The
slider consists of three runner blocks and a guide rail. Each runner block is 90 mm (3.5
in) by 94 mm (3.7 in) and has a static load capacity of 55100 N. The guide rail is 34
mm (1.3 in) by 32 mm (1.2 in) and 736.6 mm (29 in) long and weights 6.8 Kg/m. The
slider is connected by the slider attachment, a link rod, and a cylinder to a gear motor
to provide a sliding motion (Figures 8, 9, 10, 11). The connections between slider
attachment, link rod, and cylinder are provided by ball joint links made by McMaster.
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The gear motor, made by Grainger, provides 90 revolutions per minute and 220 in-lb
torque. One end of the motor is connected to a timer (Figure 12). The timer measures
the running time of the gear motor.

Figure 13. Polycarbide Bath

At each station, a polycarbide bath (Figures 13, 14) is mounted on the slider.
Specimens are secured inside the baths by stainless steel clamps. Each bath is filled with
deionized water to dissipate heat and have a medium for removal of wear debris. The
baths are wrapped in 120 volt heating tapes to maintain a constant temperature of 37° C
(98.6° F), the temperature of the human body (Figure 15). The heating tapes consist of
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resistance wire insulated with a heavy glass-braided yarn. A temperature controller
(Figure 16), made by Thermolyne, controls power input to the heating tape. The
maximum load capacity of the controller is 15 amps.
The arm acts as a cantilever beam which is a beam that is fixed or supported at
only one end (The beam is a rigid body subjected to parallel transverse forces.). To
calculate the bending moment at any section of the beam, multiply each force to the left
of the section by its lever arm.
The loading is applied using a 15 mm (.59 in) diameter canine-femoral head
indenter made of CoCr alloy. The canine head is loaded in a direction normal to the axis
of sliding (Figure 17). The canine-head is taper fit to 19.1 mm (.75 in) diameter highcarbon steel shaft (Figure 18) made by Thomson Bearings. The other side of the shaft
has a large radius which provides a contact point with the moveable arm 3 inches from
the fixation line on the vertical wall. The shafts pass through two coaxial linear bearing
holders (Figure 19) with Thomson 41.28 mm (1.625 in) long bearings. These bearings
prevent the shaft from moving sideways and allow for a constant load application to the
contact area. Each bearing has an inner diameter of 19.1 mm (.75 in), and an outer
diameter of 31.75 mm (1.25 in) and a maximum load capacity of 600 lbs.
A loading platform on the moveable arm is located 12 inches from the fixation
line on the vertical wall. Precise loading of the specimen is achieved by placing weights
on the platform. To produce sliding, the canine-head was held stationary and the
specimen were reciprocated. The contact point and the weight platform on the arm are
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chosen in a way to increase the applied load on the specimen four times more than the
applied weights at the platform (based on the bending moment theory).

3.2 Testing
Flat specimens are manufactured from poly-hi material and are 4 mm (.16 in) thick. The
physical properties of the specimens are shown in Table 2.
Table 2 Physical Properties of Specimen
Yield Strength

3200 psi

Ultimate Tensile Strength

6200 psi

Elongation at Break

346%

Density

.931 gr/cm 3

Hardness

66.3

In the first series of tests, constant loads of 20, 40,
60, and 70 lbs are applied to the specimens. The loads are chosen comparable to the
biological loads. The first series continues for 5 million cycles. Throughout testing,
interruptions are required to change the lubricant and to inspect for surface damage.
The samples are examined by naked eye and light microscopy at 4X
magnification. In order to obtain more detailed information about features of the wear
damage, a series of scanning electron microscopic (SEM) photographs are taken at higher
magnification (13X).
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In the second series of tests, the loads are increased to 70, 80, 90, and 100 lbs.
After 5,000,000 cycles, the specimens are removed and examined using visual and
microscopic inspection as described above.
In Table 3, loads used in the first series of tests are shown with a number [1].
Loads used in the second series of tests are shown with a number [2].
Table 3 Laboratory Wear - Test Condition
Condition

Typical Requirement

Type of Test

Sliding Canine Head on Flat UHMWPE

Geometry of Contact

Radius-on-Flat

Sliding Distance per Cycle

10 mm (.394 in)

Motion

Sliding

Frequency

1.5 cycles/s

Relative Surface Velocity

30 mm/s (1.182 in/s)

Axial Load on Station A [1]

20 lbs

Axial Load on Station B [1]

40 lbs

Axial Load on Station C [1]

60 lbs

Axial Load on Station D [1]

70 lbs

Axial Load on Station A [2]

100 lbs

Axial Load on Station B [2]

90 lbs

Axial Load on Station C [2]

80 lbs

Axial Load on Station D [2]

70 lbs

Lubricant

Deionized Water

CHAPTER 4
RESULTS AND DISCUSSION

After 5,000,000 cycles, the first sets of specimens are removed for inspection. The
specimens are examined by light microscopy. For clear observation the specimens are
gold-coated and the scanning electron microscopic photographs are taken at 13X
magnification. The overall appearance of the wear track is shown in Figures 20, 21, 22
and 23. SEM observation of the gold-coated samples did not give a clear view of wear
tracks as it is shown in the photographs. Gold-coating will cover the wear track and it
also peels off on some areas.
Surface roughness is measured at the end of the test in three areas: no track, end
track, and mid track. The profilometry data of the specimens is presented in Table 4.
The profilometer, made by Rank Taylor Hobson, has inductive gage. It works in the
range of .8-41.3 microns.
The specimens are sectioned in three areas; ends of the wear track and middle of
the wear track by using a surgical blade. The sectioned pieces are embedded in epoxy.
The microtomed sections, with a thickness of 20 micron, are examined using a
spectrometer (Figures 24, 25, 26 and 27). The microtome is manufactured by ReichertJuny. It is 1140/Auto cut model with glass knife. Its accuracy is in the range of 1.0 to
35 microns.
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Specimen D, which was under 70 lb, showed the most damage; and specimen A,
which was under 20 lb, showed the least damage. The prominent parallel lines are the
marks left on the specimen surface by the cutting tool.
Damage present is predominantly scratching and deformation; however, the
inspection yielded no indication of subsurface cracking or delamination.
Because clear pictures are not obtained due to gold-coating, the second series of samples
are inspected visually and by light microscopy only. The light microscope, made by
Leitz Wetzlur, is connected to a color video printer.
As is shown in Figures 28, 29, 30 and 31, wear debris pushed to the ends of the
track. Depressions are observed resulting from deformation of UHMWPE surface. The
depressions are wider in specimens loaded with heavier weight compared to those with
lesser loads.
The profilometry measurements of the second series of test are shown in Table
5. Photographs of microtomed sections (Figures 32, 33, 34 and 35) show damage is
limited to scratching and deformation and there is no sign of delamination.
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CHAPTER 5
CONCLUSION AND SUGGESTIONS

The experiments conducted during this project do not produce delamination; however,
the following conclusions can be drawn:
Increasing the load seemed to have little effect on the specimen as far as
delamination is concerned. As it is shown in the attached photographs, specimens under
heavier loads showed more damage, but not enough to result in delamination.
One of the possible reasons for not seeing severe damage is because the samples
that have been used in this project are not gamma irradiated. The effect of irradiation,
commonly employed for sterilization, is to introduce cross links and to increase the
degree of crystallinity, resulting in changes in the tensile properties in the direction of
higher stiffness and density, and reducing ductility. As the material gets more brittle,
the chances of producing cracks under loading in that material will increase. Specimens
that Walker used in his tests were gamma irradiated.
Aging can be considered as other reason for not observing delamination. The
samples that are used in these tests are new material. Aging after six months has been
shown to produce changes similar to those caused by irradiation with subtle differences
(25). This can be ascribed to the effect of absorption of fluid by the specimen kept in
the fluid.
Because both irradiation and aging cause the degree of crystallinity to increase,
it is expected that the mechanical properties will be altered in the same way by these two
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type of treatments. They both tend to increase the degree of crystallinity in parallel with
reduction in ductility.
It is suggested that an irradiated specimen should be tested under the same
conditions to provide a comparison with non-irradiated specimen.
It is recommended to use the specimen that has been kept in serum or distilled
water for over six months, to observe the effect of aging on the specimen.
It is suggested to use the same size sample of UHMWPE with the same weight
as the tested specimen, floating in the bath during the test. At the end of the test
determine the amount of increase in the weight of the sample. This amount, which is
caused by fluid absorption, is then taken off from the testing specimen's weight at the
end of the test to provide an accurate measurement of the material loss during the test.
By using the methodology of this wear-testing device, an additional option is
suggested to investigate the effect of rolling motion on UHMWPE. To achieve rolling
motion, it is suggested to use CoCr sphere instead of canine-head with the same radius.
The sphere should have a hollow canal passing through the diameter. Small
bearing rollers will be placed inside the canal walls. A high-carbon steel rod should pass
through the canal, which will be attached to the shaft by a bracket.

APPENDIX

The appendix consists of:
•

Detailed drawings of different parts of the testing machine

•

Pictures of each section of the machine

•

Photographs of the wear track

Figure 4, Three Views of One Station

Figure 5. Top View of the Testing Machine

Figure 6. Fixation Plate

A A

Figure 7. Baths Mounted on a Linear Slider

30

Figure 8. Connecting Rod
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Figure 9. Slider Attachment
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Figure 10. Link Rod

Figure 11. Cylinder
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Figure 12. Timer

Figure 14. Detail Drawing of the Bath

Figure 15. Thermometer
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Figure 16. Temperature Controller
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Figure 17. Loads Applied by Canine-Femoral
Head

39

Figure 18. Canine-Head Tapper Fitted to High-Carbon Steel Shaft
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Figure 19. Linear Bearing Holders
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Figure 20. SEM Photographs of Wear Track
Under 20 lbs
(a) End-Wear Track
(b) Out of Wear Track
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Figure 21. SEM Photographs of Wear Track
Under 40 lbs
(a) End-Wear Track
(b) Mid-Wear Track
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Figure 22, SEM Photographs of Wear Track
Under 60 lbs
(a) End-Wear Track
(b) Mid-Wear Track
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Figure 23. SEM Photographs of Wear Track
Under 70 lbs
(a) End-Wear Track
(b) Mid-Wear Track
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Figure 24. Spectrometer Photographs of Wear Track Under 20 lbs
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Figure 25. Spectrometer Photographs of Wear Track Under 40 lbs

Figure 26. Spectrometer Photographs of Wear Track Under 60 lbs
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Figure 27. Spectrometer Photographs of Wear Track Under 70 lbs
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Figure 28. Wear Track Under 70 lbs

Figure 29. Wear Track Under 80 lbs

Figure 30. Wear Track Under 90 lbs

Figure 31. Wear Track Under 100 lbs
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Figure 32. Spectrometer Photographs of Wear Track Under 70 lbs

Figure 33. Spectrometer Photographs of Wear Track Under 80 lbs

C2

Figure 34. Spectrometer Photographs of Wear Track Under 90 lbs
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Figure 35. Spectrometer Photographs of Wear Track Under 100
lbs
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